C
yclic 3Ј,5Ј-guanosine monophosphate (cGMP) has profound effects on cell function through actions on cGMP-specific phosphodiesterases (PDEs) and cGMP-dependent protein kinases (PKGs), as well as through several types of cyclic nucleotide-activated ion channels (CNGs) (1) (2) (3) (4) . cGMP is synthesized by two distinct families of guanylyl cyclases: (i) the natriuretic peptide-specific, plasma membrane-associated guanylyl cyclases (pGC), and (ii) the nitric oxide (NO)-activated, cytosolic soluble guanylyl cyclases (sGC) (5) (6) (7) (8) . Intracellular cGMP levels are terminated through the hydrolyzing activities of cGMP-specific phosphodiesterases (1) .
In recent years, several FRET-based cGMP indicators have been developed in an effort to monitor spatiotemporal dynamics of [cGMP] i (9) (10) (11) . Particularly, Cygnet-type cGMP indicators have significantly advanced our understanding of cGMP dynamics in VSM and other cell types (9, (12) (13) (14) (15) (16) . However, FRET-based cGMP indicators have limitations. They require a technically laborious dual emission detection system and generally show overall low cyan/yellow emission ratio changes in intact cells. Furthermore, at low, physiological NO-concentrations (Ͻ10 nM), FRET-based cGMP indicators are limited in their use to detect fluctuations in [cGMP] i (12) . However, recent studies using purified cyclase, intact platelets and cerebellar cells have shown that sGC is activated at low-nanomolar NO concentrations (1-10 nM) (17, 18) . FRETbased cGMP indicators are also limited in resolving possible compartmentalized intracellular cGMP signaling events using confocal microscopy. It was recently suggested that in VSM cells and cardiac myocytes cGMP signaling may be spatially segregated and that this functional compartmentalization may be the cause of the unique actions of ANP and NO (19) (20) (21) (22) (23) . The goal of this study was to develop previously undescribed non-FRET biosensors suitable to monitor the temporal changes of [cGMP] i in response to low-nanomolar NO or ANP, and to investigate the spatial patterning of [cGMP] i , using real-time, confocal imaging techniques.
The concept of non-FRET based biosensors, containing a single GFP-based fluorescence unit was first described by Tsien and colleagues with the development of Ca 2ϩ -sensitive ''camgaroos,'' by placing calmodulin at an insertion-permissive site within the ␤ sheets of GFP (24) . Subsequently, circularly permutated EGFP (cpEGFP) advanced non-FRET based biosensors even further and gave rise to the development of ''GCaMP''-type Ca 2ϩ indicators, in which the Ca 2ϩ -dependent interaction between calmodulin and its specific binding protein M13 was directly translated into conformational changes and an increase in fluorescence intensity of the single fluorescent molecule cpEGFP (25, 26) . We adopted this concept of non-FRET biosensors to design cGMP indicators, called FlincGs (fluorescent indicators of cGMP). FlincG indicators are composed of cpEGFP, N-terminally fused to regulatory domain fragments of PKG. The overall favorable kinetic and spectroscopic characteristics of this single emission detection system permits the direct examination of local cGMP dynamics in response to low-nanomolar NO or ANP in VSM cells in real-time.
Results and Discussion
Bioengineering FlincG Biosensors from Type I PKG. FlincGs are composed of two in-tandem, PKG derived cGMP binding sites fused to the N terminus of cpEGFP (Fig. 1A) . In contrast to GCaMP-type calcium indicators (25), FlincGs do not require intramolecular protein-protein interactions between separate domains. Instead, dose-dependent binding of cGMP to both receptor domains was sufficient to increase fluorescence intensity in cpEGFP (Fig. 1C Inset) . Previous studies using hydrodynamic and small-angle x-ray scattering techniques support our findings that cGMP binding to the regulatory domain of PKG I induces substantial conformational changes (27) (28) (29) . ␣-FlincG was developed by attaching the entire regulatory domain of PKG I ␣ (residues 1-356) to cpEGFP (Fig. 1B) . cGMP increased fluorescence intensity of this construct by up to 1.5-fold, with an apparent K D of 35 nM (Fig. 1C ) and with an Ϸ1,100-fold selectivity for cGMP over cAMP (Table 1) .
To increase the dynamic range of [cGMP] i detection, we took advantage of the fact that the activation constants of PKG I ␣ and I ␤ shift from 75 nM to Ϸ1.0 to 1.8 M (30-32). PKG I ␣ and I ␤ are genetic splice-variants and consist of different N-termini, but are virtually identical within their cGMP binding and catalytic domains (30) . Thus, we developed ␤-FlincG, by connecting the regulatory domain of PKG I ␤ to the N terminus of cpEGFP (Fig. 1B) . As predicted, this FlincG variant demonstrated a shifted cGMP binding constant of 1.1 M (Fig. 1C and Table 1 ), indicating the significance of the N terminus for modulating cGMP binding affinities. Interestingly, removal of the entire N-terminal domain (⌬1-77) of PKG I ␣ resulted in ␦-FlincG, which exhibited an apparent K D of 170 nM. This result is in accordance to an analogous PKG I ␣ deletion fragment, ⌬1-77/352-670 for which a similar cGMP binding constant (K D ϭ 218 nM) has been reported (33) . This finding further supports the concept that the N-terminal domain of PKG, not the catalytic domain, primarily modulates cGMP binding affinities of the FlincG indicators. Interestingly, the C terminus of FlincGs did not affect fluorescence intensity changes. Neither the linker sequence shown in Fig. 1B , which was the product of a randomized cloning approach, nor attachment of the PKG catalytic domain, or complete removal of any C-terminal appendage had any effect on overall fluorescence intensity changes (data not shown).
Under cell-free conditions, ␣-and ␤-FlincG exhibited maximal 1.5 and 2.1-fold intensity changes, respectively ( Fig. 1C and Table 1 ). When expressed in VSM cells, the maximal fluorescence increases of ␣-and ␤-FlincG were reduced to Ϸ1.2-fold, although these indicators retained high NO-sensitivity (EC 50,DEA-NO ϭ 0.3 and 12 nM, respectively) ( Table 2 and Fig.  1D ). Both biosensors contain their respective N-terminal PKG dimerization sequences, which may give rise to interactions with endogenous PKG and thus decreases their observed maximal intensity changes ( Fig. 1D and Table 2 ). In support of this idea, coimmunoprecipitation experiments demonstrated formation of mixed dimers between wild-type PKG and ␣-, or ␤-FlincG (supporting information (SI) Fig. 6 ). However, ␦-FlincG did not display any interaction with wild-type PKG, because it lacks the N-terminal dimerization domain (SI Fig. 6 ). Therefore, we did not observe a reduction of maximal fluorescence intensity when comparing purified ␦-FlincG to indicator expressed in intact VSM cells (Figs. 1 C and E), whilst retaining high NO sensitivity (EC 50,DEA-NO ϭ 4 nM; Fig. 1E ). This indicator was also highly selective for cGMP over cAMP (Ͼ280-fold, Table 1 ). Table 2 ). Recently published FRET cGMP-sensors by Russwurm et al. (11) display a comparable maximal FRET ratio change of 75% for recombinant protein. In living cells however, all FRETindicators published so far, exhibit a significant decrease in maximal FRET ratio change, ranging from 35% to 45% (9) (10) (11) (12) . In contrast, FlincG cGMP biosensors have been designed to minimize interactions with endogenous proteins and to maintain maximal fluorescence intensity changes in living cells while retaining nanomolar NO sensitivity. Because ␦-FlincG exhibits all these favorable characteristics in living cells, we selected ␦-FlincG as indicator suitable for studying intracellular cGMP dynamics.
Kinetic, Spectral Analysis and Environmental Stability of ␦-FlincG.
A more refined spectral analysis revealed that in addition to the 491 excitation maximum, ␦-FlincG displayed a second, blue-shifted excitation peak at 410 nm ( Fig. 2A) . Furthermore, these excitation maxima at 410 and 491 nm respond differentially in response to 1 M cGMP. It should be noted, that all FlincG indicators possessed this secondary 410 nm excitation maximum (data not shown), but only for ␦-FlincG cGMP decreased the emission intensity at 410 nm 0.5-fold, with a corresponding emission maximum at 507 nm (Fig. 2B ). In addition, excitation at 480 nm yielded an emission maximum at 511 nm ( Fig. 2C) with an overall 1.75-fold fluorescence intensity increase. Thus, our results are in contrast to the excitation emission spectra of EGFP and previous cpEGFP based indicators, such as camgaroos and GCaMPs, which display only one excitation maximum at 489 nm (24, 25, 34) .
Based on its dual excitation spectrum, ␦-FlincG offers several technical alternatives to previous FRET-based cGMP imaging techniques. First, the two excitation wavelengths may be combined and analyzed ratiometrically (480/410 nm excitation), similar to the Ca 2ϩ indicator Fura (35) . As a result, the overall ratio change increased up to 3.5-fold in vitro, and the overall apparent K D,cGMP was 488 nM, with Ϸ100-fold selectivity for cGMP over cAMP ( Fig. 2D and Table 1 ). Second, a single wavelength excitation system could be used by employing a 410/510 nm excitation/emission detection profile. However, for the initial experiments with ␦-FlincG, the single wavelength approach (480/510 nm excitation/emission) was used, because it is faster, has decreased risk of photo-bleaching, superior cGMP/ cAMP selectivity, and an advantageous apparent cGMP binding constant of 170 nM (Fig. 1C and Table 1 ). Nonetheless, in future studies, the ratiometric approach (Fig. 2D) would present a number of significant inherent advantages, including the determination of [cGMP] i .
To examine further ␦-FlincG's utility as a [cGMP] i -biosensor, we investigated its environmental stability under varying pH conditions (SI Fig. 7 ). Previously reported cpGFP based biosensors, such as camgaroos and GCaMPs, have displayed significant pH sensitivity under physiological conditions with pK a values of 8.9 and 7.1, respectively (24, 25) . Elaborate mutational approaches have been undertaken to reduce the environmental sensitivity of GFP and GFP-based variants. So far, only Citrine, a yellow fluorescent protein (YFP)-based mutant, has been reported with superior chloride and pH stability (pK a 5.7) compared with previous YFPs (34) . In comparison, our results indicate that ␦-FlincG did not require mutational optimization to accomplish resistance to small changes in pH under physiological conditions (pK a 6.1).
An important requirement for a biosensor is to have fast kinetics so that intracellular temporal and spatial changes can be accurately monitored. Stopped-flow experiments revealed a fast rate of cGMP association (k on ϭ 5.9 ϫ 10 6 s Ϫ 1⅐M Ϫ1 ; t 1/2 ϭ 0.12 s) ( Fig. 3A and Table 3 ). The dissociation constant determined by protein dilution was equally rapid (k off ϭ 4.2 s Ϫ1 ; t 1/2 ϭ 0.16 s) ( Fig. 3B and Table 3 ). These rate constants ensure that the rate limiting step for detecting [cGMP] i does not occur at the level of cGMP association to or dissociation from the biosensor. Equally advantageous, ␦-FlincG should not act as a sink for [cGMP] i , because its cGMP binding constant (170 nM) is not significantly different from its major endogenous receptors PKG I ␣ and PDE Recently, we reported that primary, unpassaged VSM cells from rat aorta retain the expression of key cGMP-signaling enzymes, such as PKG I, sGC and PDE5 (12) . Transfection of VSM cells with ␦-FlincG adenovirus resulted in an even cytosolic distribution and nuclear exclusion of the indicator, with a 90% efficiency (Fig. 4A Inset) . To determine the apparent affinity of intracellular ␦-FlincG for cGMP, VSM cells were permeabilized with ␤-escin and the cells were exposed to different levels of cGMP in Ca 2ϩ -free imaging buffer. Half-maximal fluorescence increases occurred at 150 nM cGMP (Fig. 4A) , similar to the value obtained for the purified biosensor (170 nM; Fig. 1C ). With this approach, the level of intracellular cGMP can be estimated from the fractional change in fluorescence.
An important criterion for intracellular cGMP sensors is that they exhibit appropriately high sensitivity to NO, as previously reported for sGC (half-maximal NO: 1.7 nM for the purified enzyme, 11 nM for intact platelets, 10 nM for cerebellar cells) (17, 18) . DEA-NO and PROLI-NO were used as NO-donors due to their overall favorable fast chemistry of NO-release (see Materials and Methods). DEA-NO (0.75-6.50 nM) induced concentrationdependent, transient increases in [cGMP] i , corresponding to 10 nM to 1 M (Fig. 4 A and B) . The corresponding half activation constant (EC 50,DEA-NO ) was 4 nM (Fig. 1E and Fig. 4C ). In contrast to NO-stimulated sGC, activation of the plasma membrane-associated guanylyl cyclase pGC-A using atrial natriuretic peptide (ANP) resulted in sustained levels of [cGMP] i (Fig. 4D) , as demonstrated previously in VSM cells using radio-immunoassays (37) (38) (39) . These results promote ␦-FlincG as exceptional biosensor for physiological (low-nanomolar) NO-and ANP-induced cGMP dynamics in VSM cells.
NO-induced elevation of [cGMP] i requires activation of sGC. ODQ (10 M), a specific inhibitor of sGC activation (40) (41) (42) , prevented the PROLI-NO (50 nM) induced increase of cGMP (Fig. 4E) , indicating that the observed rise in [cGMP] i is indeed due to NO-induced activation of sGC. The [cGMP] i also depends on its hydrolysis by PDE-5. Sildenafil, a PDE-5-specific inhibitor 200 nM) , supporting the concept of a dynamic interplay between sGC production and PDE-5 mediated hydrolysis of cGMP (Fig. 4F ).
Spatial and Temporal Dynamics of NO-and ANP-Induced cGMP Sig-
naling in ␦-FlincG-Transfected Vascular Smooth Muscle Cells. Our current understanding of the intracellular distribution of cGMP derives from the fact that the predominant soluble guanylyl cyclase isoform sGC-␣ 1 ␤ 1 is largely cytosolic; therefore, [cGMP] i should be cytosolic as well (6) . The natriuretic peptides ANP, BNP and CNP, in contrast, specifically activate plasma membrane-associated guanylyl cyclases pGC-A and pGC-B and thus, may give rise to a distinct spatial pattern of [cGMP] i (22, 23) . However, the spatial distribution of [cGMP] i in response to NO and ANP has never been studied by the means of high resolution confocal imaging techniques. FlincG-indicators should permit the measurement of cGMP patterns in living cells.
A physiological dose of 1.5 nM NO induced a global, but transient, elevation in [cGMP] i (Fig. 5 A and B ; SI Movie 1), similar to measurements conducted with lower resolution, epi-fluorescence microscopy ( Fig. 4 B and C) . The membrane-permeant cGMP analog (8-Br-cGMP, 50 M) was applied to VSM cells and a uniform increase in fluorescence was observed (SI Movie 2), indicating homogenous expression of ␦-FlincG in VSM cells. Forskolin (100 nM), which specifically activates the cAMP signaling pathway, had no effect on fluorescence intensity (SI Movie 3), consistent with ␦-FlincG selectivity for cGMP over cAMP.
In (Fig. 5D and SI Movie 4). To address spatial patterning due to uneven indicator expression and cell movement, which may present potential problems in single wavelength intensity measurements, we analyzed three-dimensional surface plots (SI Fig. 8 ) indicating uniform cellular distribution of ␦-FlincG (from Fig. 5 A and D) . SI Fig. 9 verifies that the cell morphology does not change over time after NO or ANP application and that the cells do not move.
Spatially confined cGMP signaling may be a combination of both local cGMP synthesis and local degradation at the membrane. Recently, compartmentalized [cGMP] i was reported in cardiac myocytes through specific activation of pGC by natriuretic peptides (15, 19, 21) . These studies also suggested that cGMP-specific PDEs maintain these local patterns of [cGMP] i elicited through pGC. Our results indicate that ANP (10 nM) induced cGMP synthesis is sustained and spatially confined in VSM cells (Fig. 5 C and D) . This spatial localization in response to ANP was abolished, when VSM cells were preincubated with the PDE-5 inhibitor, sildenafil (Fig. 5E ). Instead, a global increase in [cGMP] i was observed, indicating that degradation of cGMP by PDE-5 prevents the cell's interior from experiencing an elevation of cGMP. These ANP-produced submembrane cGMP elevations suggest local targeting of submembrane targets such as the calcium-sensitive (BK) channel and SERCAregulatory protein, phospholamban (45, 46) .
In conclusion, FlincG represents a previously undescribed generation of cGMP biosensors that excels in monitoring [cGMP] i in response to physiological (low-nanomolar) NO concentrations. FlincG should ultimately be suitable for development of tissue-specific generation of transgenic mice with endogenous cGMP indicators, as has been done recently for calcium sensing with GCaMP (26, 47) . The ratiometric possibilities of FlincG should enhance its versatility. FlincG revealed the differential role of PDE-5 in the modulation of global cGMP in response to NO donors, and the spatial spread of cGMP away from the cell membrane in response to ANP. FlincG holds the promise of unraveling the complex interplay between cGMP and calcium signaling near the cell membrane.
Materials and Methods
Fluorescence Measurements in Cultured Vascular Smooth Muscle Cells (P0). VSM cells were harvested from rat aortic tissue and cultured as described in ref. 12 . For transfection, 100 l of adenovirus (10 7 to 10 9 per ml titer) were applied to 50% confluent VSM cells (P0) and incubated 24 to 48 h at 37°C, 5% CO2 until a 90% transfection efficiency in VSM cells was achieved. Epi-fluorescence imaging was performed by incubating cells in imaging buffer [10 mM TES (pH 7.4), 1 g/liter D-glucose, Hank's balanced salt solution (HBSS; Mediatech, Inc., Herndon, VA)] at 37°C using a Delta T4 open culture system (Bioptechs, Butler, PA). A Nikon Diaphot 200 microscope outfitted with a Nikon ϫ40/1.30 oil objective, a cooled charge-coupled device camera (ORCA ER; Hamamatsu, Japan), and a mercury-halide lamp (X-CITE 120; EXFO Photonics, Toronto) were used to image individual cells with 3 seconds acquisitions. Imaging of FlincG indicators was controlled by Metafluor 6.2 software (Universal Imaging, Media, PA) using a D480/20m excitation filter, 505drxr dichroic mirror and D535/30m emission. For confocal imaging, P0 VSM cells were imaged by using a spinning disk confocal system (Andor) outfitted on a Nikon E600SN microscope with a ϫ60 water dipping objective (N.A. 1.0), and iXon ENCCD DVB camera with 5 frames per s acquisition speed and 64-ms exposure time exciting with a solid state laser at 488 nm, and collecting the emission at 510 nm. Data analysis was performed with custom written software developed by Adrian Bonev. For confocal microscopy, cGMP responses were investigated upon local application (5 to 50 l) and subsequent diffusion of DEA/NONOate (Calbiochem), PROLI/NONOate (Cayman Chemicals), ANP (Sigma), Sildenafil (Pfizer), ODQ (Sigma), 8-Br-cGMP (BioLog), and Forskolin (Sigma). Approximately 75% of the data collected were rejected because of cell movement and morphology changes during the course of the experiments. For epi-fluorescence microscopy, chemicals were distributed evenly by mixing with imaging buffer. Calibration of adenoviral transfected VSM cells was performed in Hepesbuffered, Ca 2ϩ -free PSS pH 7.4. VSM cells were permeabilized with 20 M ␤-escin, exposed to increasing cGMP concentrations (0 -2 M) and analyzed by using the epi-fluorescence microscope facility. For NO-titration, ␦-FlincG transfected VSM cells were exposed to 0.4 -500 nM DEA-NO (t1/2 ϭ 2.4 min at 37°C, pH 7.4), or to 1.5 nM to 2 M PROLI-NO (t1/2 ϭ 1.8 s at 37°C, pH 7.4). Data were analyzed by using the Metafluor software and dose-response curves were calculated with GraphPadPrism.
Further methods are provided in SI Materials and Methods.
